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Fig. 1.1 Classification of in-pipe robots
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Fig. 1.2 Cross-sectional view of the in-pipe mobile robot for 2-inch pipes

Fig. 1.3 Photograph of the in-pipe mobile robot for 2-inch pipes
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Fig. 1.4 An in-pipe mobile robot for 150mm pipes by Hirose!'”

Fig. 1.5 An in-pipe mobile robot for 4-inch pipes by Choi®”
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Fig. 1.6 An in-pipe mobile robot for 1-inch pipes by Hayashi
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Fig. 2.1 Basic specification of in-pipe mobile robot
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Table 2.1 The evaluation of the drive mechanism

Inchworm Vibration

Type Wheel type Crawler type type type
Running . O O O O
characteristic
Operation O O A A
Reliability/ O A O A
Economy
Environment O O O O
Mechanism size A A O O
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Fig. 2.2 Driving principle of the wheel drive mechanism
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Fig. 2.3 Configuration of the wheel drive mechanism
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Fig.2.4 Driving form of the in-pipe mobile robots
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Fig.2.6 Configuration of 3K-type mechanical paradox planetary gear drive
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Fig.2.7 Photograph of the wheel drive mechanism for 1-inch pipes*”

(49)

Fig.2.8 Photograph of the in-pipe mobile robot for 1-inch pipes
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Fig.2.9 Photograph of the in-pipe mobile robot for 1-inch pipes(49)

Fig.2.10 Photograph of the in-pipe mobile robot for 3-inch pipes(so)’(ﬂ)

-20-



Fig.2.11

Photograph of the wheel drive mechanism for 2-inch pipes

(52)

Table 2.2 Characteristics of the wheel drive mechanisms using planetary gear drive

1-inch 2-inch 3-inch
Applicable piping sch40 3B
(Inside diameter) 24 mm 48 mm 78.1 mm

Mechanism size

Diameter 23 mm

Diameter 45 mm

Diameter 71 mm

Length 17 mm Length 66 mm Length 66 mm
Running speed 6 mm/s 11 mm/s 24 mm/s
Vertical pipes O O O
Bent pipes O O O
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mBjC‘B =_FG,x_FC,x_L (31)

myyy=Fy —F,, —F., =0 (3.2)

1,0, =715 -7, +b(-F,;, —F. )+a(-F;, —F.,)=0 (3.3)
meXe = Fe,—Fy, (3.4

meye =Fe, =y, (3.5)
I.A=1lF. C,~1,F. S, +,F, C,~I,F, S, (3.6)
mgi; =F,, —F. (S, -C, tanar, ) (3.7)
mgye =F,,+F.(C,+S, tanx, ) (3.8)
1,0, =1, —F,r, (3.9)

my X, =F, +F.(S,-C,tana,)+ P, (3.10)
my vy =F, —F.(C,+§,tana,)+ P, (3.11)
1,6, =—F,r, +r,P. (3.12)

=L, X P, 0 13 FENSOIRZIFACKHET D HEEMIKRD x, y HIONEE & Bl E b
D OBIEECHD. A 1E% v U T 0MEG £ OMIEE, S, Ch) I, 1 ZFNZH S, =sin4,
Cy=cosd, I,=12 TH5. £7=, a, bITHEB, GEDx, y FRAIOHETH 5.

BA3.21TR3 K 5 1T & the oA L2 o 1T 2 KRGy bl B & 3 2 ol B 2V IR A D BIR AN kAL 5 .

AB, =u,AG; + AG,

0, = 1,0, +(u, +1)4 (3.13)

772U, Ay, AGs\EHE KMHEOHM/NMALERL, §, G X8 L K= MEE, A
XY U T OMBE, up (TR EE L KBEEROELTH S, HHAT L TICERD
SR & NGRS LT B SRRk S 72 B

Xy =1y, =0

6, =6,=0 (3.14)
K(3.13) £ XGB. 14 E KRG D)~GIDITHRA L TEIT 5 L RADB B LS.
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_FG,x _FC,x =L
—Fs, —Fe, +F,,=0
T, —7; —bFy aly , _bFC,x —aF, , = 0

s X

FC,x_FW,xzo

F.,—F,, =0

-L,S,F.,+1,C,F., - 1,S,F, . +[,C,F, =0 (3.15)

Fo,—F(S,-C,tane, ) =0

FG,y+FT(Cl+Sltanag):O

7o —Fr; =0

Fy,+F (S, -C,tanz, )+ P, =0
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- Frp+r, P =0
Z LT, RB15)EATIEATERT D kAL D,
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7 0 0 0 0 0 0 0 0 0 —7p 0] | 74

(3.16)
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WAER S 200 Py P3IRAD & 51K B, OB ORI Tk A ICFL#T 5.

P =L (3.17)

P =L tan/1+7;i(Sl tanA+C,) (3.18)
P
Tebb, P BNHEEETEEOHIE)TH Y, P, NEEHOEFE~OMTITITHL. A
fof LAZKES 2 Bl o P/ LiZry /1, =1 OREREKERYD, TOFEMGETEFY VT
A & BT ) O L ORAR A (X 3.3 127", AR FE AN S WP IR o &bk
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TN S WA EER 75° 2z 5 & AT IR KREL B 2 L 3bng. Higl
EREDF ILBEER  us & T 5 &, Hg)VEREICK LTI R B ETTE DMK
Ke7ed.

L
Hs > (3.19)

y

EATRFDOKIGHE D bV 7 1 & Bl R S D M7 4y TR THE L6 %.

Ty,
%:ﬂ%:tGL (3.20)
P
r
T, =7,——=1Lr, (3.21)
e
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\ s _ Center axis of piping

/

Fig. 3.1

~N

N

N

\

Sun gear

7

7, :Moment of body

7; :Torque of sun gear

@ :Angular velocity of sun gear
@y, :Angular velocity of wheel

A :Carrier angle

Static analysis model of the wheel drive mechanism
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@, :Angular velocity of sun gear
o,,.Angular velocity of wheel

r; :Pictch circle radius of sun gear
rp:Pictch circle radius of planet gear

Fig. 3.2 Kinematic analysis model of planetary gear drive
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30 40 50 60 70 80 90

Carrier angle A °

Fig. 3.3 Relation between carrier angle and ratio of pipe pressing force to load
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Fig. 3.5 Experimental apparatus for friction coefficient
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Fig. 3.6 Relation between friction coefficient and load
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3.4 EXETEBRBIUER

3.4.1 EXRETEERAHMEHE
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Fig. 3.7 Structure of the in-pipe mobile robot
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Fig.3.8 Relations torque-speed and torque-current of the DC motor

Fig.3.9 Photograph of the in-pipe mobile robot
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Y Lop, (3.26)
Wy Wy
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B 3.11 OF—# bV gy & AR L OFERFERN O H/AFERIAZ1T > T, X(3.260) D
CYI R ERD . ZORER, UIAIE46.1mNm TH Y, I Fr=23mNm £ 725, ZO
ZEDD, ABESEII I B E A BB ST ST 00 ML RREWVEETH D Z b
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Fig. 3.10 Relation between load and speed of in-pipe mobile robot
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Fig. 3.11 Relation between load and motor torque of in-pipe mobile robot
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Fig. 3.12 Relation between load and wheel drive torque of in-pipe mobile robot
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Fig. 3.13 Relation between load and slip ratio of in-pipe mobile robot
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Fig. 3.14 Measurement of pressing force
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Fig. 3.16 Relations between load and pressing force
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Fig. 3.17 Traction force of mobile robot
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Fig. 3.18 Relations between pipe diameter and maximum traction force
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Fig.4.1 Structure of the in-pipe mobile robot for bent pipes
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Fig. 4.2 Static analysis model of the mobile robot for bent pipes
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Fig. 4.3 Static analysis model of the wheel drive mechanism for bent pipes
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Fig.4.4 Photograph of the in-pipe mobile robot for bent pipes
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Fig.4.5 Experimental apparatus of the in-pipe mobile robot for bent pipes
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Fig.4.7 Photograph of the in-pipe mobile robot through bent pipe
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Fig. 4.8 Relation between load and speed of mobile robot for bent pipes
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Fig. 4.9 Relation between load and motor torque of mobile robot for bent pipes
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Fig. 4.10 Relation between load and wheel drive torque of mobile robot for bent pipes
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K(G 1)~ G 2) Z FHlEgO ASTAIEE TH 2 a THRIT 2 L RANE LS.

(5.24)

212 L, NG224)DBRE 41T, aDFEETHY, (kD ICFHET 5. F(G5.1)~(5.12)

CRG2 B L, MO P, =0, =0 % 5 2 THEBT 5 & KA BILE .
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_mBA31 1 0 1 0
0 0 -1 0 -1
0 -b —a -b —-a
meA4;; 0 0 -1 0
meAy, 0 0 0 -1
T4y 0 0 th/l _lhcl
mgA;, -1 0 0 0
mgA,; 0 -1 0 0
1.4 0 0 0 0
myAd, 0 0 0 0
myAs 0 0 0 0
1, 0 0 0 0
a —myAdy, - L
FG,x O
Fo, Tg
Fe, —mg Ay
Fe, —mcAy,
FB,y _ICAIZ
X =
Tg —mgA;,
FW,x —-mgA,,
Fy —1 Ay + 7,
F; my A,
P, —my Ay
P, 0

S O O O oo o o o o - ©

0 0 0 0 0 0]
0 0 0 0 0 0
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
o s, -1,C, 0 0 0
0 0 0 S,-C,tane, 0 0
0 O 0 -C,-§, tana, 0 0
0 O 0 rg 0 0
0 -1 0 -§,+C,tanx, -1 0
0 O -1 C,+§5,tana, 0 -1
0 O 0 rp -V Xy
(5.25)

T OKEDEREN ML T 5 1T — X OFIHR NS ED HLD. T—Z I B 1258 L2AT
BLHEDOHEME VIR ~T 4 — R 7+ U — REE 55RO 2 WV CEE i 5.
"’E‘“—&Ojf@ﬁ};ﬁ“, {i%k‘i@“%ﬂ%@ﬁ@ﬁ%%ﬂ%hwﬂb HM, @OM.D> HM,D & Lkaﬁfﬁ?\_

5.
@Oy p = a)WuG/uP
w,, =[(1—up)A—dlug u,
aM,D =@y p-l

1

0, = O

J

\ (5.26)

=X DR Uy TR D L 9 ITEFR L=,

-58 -



Uy = KRVKPVa)M,D + wM,PKFV +U, — Ky

Oy p = KPP('gM,D -0+ Krp®@y p (5.27)

U,:L4-+K5V(wMP-wM)At
T, ’

72721, T1, Keys Kpy, Kppy Krpy, Kpy i385k B IR L2l FEICH WS 7 A > DFET,
ENENWHE N —TTEGER, WENL—TWH 7 — K774 ) WEAL—T 7 4
— K7 T—=RTFA 2, fiB@LV—T A, MEBBEY 4+ — K74+ U — K712, (iR
BEZ 4 — KRy 754 o Thd. T—FIIETEELERICERT D5 RT7 A4 N2 HWT R
NI EBRESETCNDLIDT, T—Z M7 g idkEn 6561 5.

Ty =Kp-Kpp Uy, (5.28)

flfil/, Kﬂi%—&@ ]\/1/7%%(, KDRbi%~5' ]\3/],/\0)/7/], Vfg?)é %L/T, '72‘
— AL RGWHEMOREN R Ens LT 5&, WO X HITHE) M7 o336 5.

To =Ty N Ug (5.29)

(5.25) 1 X H i D[EER A N E o & BEREDIN T Foo~FrB LOERENLDOIER T P, P %
RENF L 5N 1 RGN TH D28, FIRFCHEG OB ol B3 2 82 y H R TH
D, ZOXDOHEDONT] Fo ~Fr L OERENSOEMT P, P,ZHEL CaDHIZHET
% 2 BE oy HRER A BN T, BEE) ML o & 52 TR ISHE O EB N E £ 5.

SCHR(ST) U, PAV— 7 FEAE O I BN i A DR BE & SHMBE R J1IC B3 285 1 IGRE R D
NEEN I 2 MM 2 AT O BUEREAT TR R SN TR Y, AEEDa L Fo,~P, X2 Tk
O JE BN I FE & SHBER I SIS T TEA L TS Z &N TE 5.

FENTIX REBRMONEE 499mm & L, % 3 E 34T TOERICHWZENBEI o R > hDRE
gt I, BB IR U 7ORIED D B AR A e D B 2 DR AB(a = 90°) F TOMHNT 21T 5
2. ZOFETNOHEEEYEIL rp=4.Tmm, BFEHEE L K EM Ot up=3 Th 5.
53 IZBENHEL V=10mm/s, Hfif L=5N D55 OffriE R4 7. X 5.3(a)ld H=0.1mm DL
BT, HigOREZE & HI2F v U TAEAN/ NI 2D, HigAEEa)s 90° &7 BEx 3R
Dz TWD. —J57, K 53(0b)EE UEMAT H=0.14mm DA T, Bz 5k L TRLT
W5, I U TAHEIREMEEL Y K& 20 GaEX) BB SNV, BT ORS00
b, BV ONDIEZEDOES H & Hig 2 ry OBREZRT ER 54 DX HIZRD. Z0D
EFLTERYVBEZ 5NDEEFEIT H=0.13mm ThH Y, HEEEERKEL T2 TR
BNDEEDESIIREL 8D, £i2, XY VT EIZFCIC L ClER#EE & K ER O
B up ZET VDD up=1.5 LT HEFVBZ GNDBEEDE S IX up=3 OHEITHA
TREL 2D, up=1.5 O, HEREE rp=62mm O & X I2X v U T AHEN up=3 DAL
U220, ZORETEY B ONDEZER SIL H=0.26mm L 72 5.

HER N EEZ RV Z DA OWVWTHEIROMN O DOV DE—AL M2EZ D, HiGO
MO FEDLYDE—RAY NI Fy,, Fy,& Fr, Frtang, PHEHRTE, T—A 2 hOME TN
FERHE Y Olalii A E, FFEHEY ORliizs | &9 5. 5.5 | ZHEERIE rp=4.7Tmm, WEETE
B L REGHEER OB EIE up=3 DHEAOHEERDH 0 £ DF—A 2 bRz Ry, K
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72 H=0.1mm & H=0.13mm OHEIZ0 OV DE—A 2 FOBRFNIIFIZATHY
HHHIIIEERE Y OF— A FOMER L TWA. —J5I2 H=0.14mm DHFAITITET—A 2 |k
DORFIMNENZA LR > TR,

BB A T D B2 DRI OV TIRETT 2 T &7 L OEE IR OMEMEIE A 5~ T
FEE L THRDVENNDLE X 5. BHlEITHIEOARIE, KEGHHE, v 7L
Hifig O R X AR O EE) F RIS W CTEMEIEZ T~ TR & L #ily )3 %d CEB) T 5
ERETSD. ZORETRGD~G12)REBIT 5 LA ELNS.

_FG,x _Fc,x =L

~F,, ~Fe, +F,, =0

Ty —7;—bF,;, —aF,, —bF. —aF., =0

FC,x _FW,x =0

Fo,-F,, =0

-1,S, ke, +1,C F. , —1,S,F,  +1,C,F, =0 (530,
Fo,—F (S, -C,tancr,) =0

Fo,+F(C,+S,tanax,) =0

T, —Fr; =0

Fy, +F (S, -C,tanx, )+ P, =0

Fy,—F.(C,+S,tana, )+ P, =0

— by + Yy P —x, P, =0

Z LT, G302 AIEANTRS D LR LD,

‘0 0 0 -1 0 -1 0 0 0 0 0 o] (] [L
0o o0 o0 0 -1 o0 -1 0 0 1 0 0| | P, 0
0O 0 -1-b-a -b -a 0 0 0 0 1 7, 0
0 0 0 0 O 1 0 -1 0 0 0 0| |Fg| |0
0 0 0 0 O 0 1 0 -1 0 0 0| |Fg| |0
o o0 o0 o o0 =S, LC, -IS, [C, 0O 0 0| |Fe.| |0
0 0 0 1 O 0 0 0 0 0 -§,+C;tane, O * Fe, o
0 0 0 0 1 0 0 0 0 0 C+S,tane, 0| |Fy | |O
0 0 1 0 0 0 0 0 0 0 ~ 7 0| |Fy,| |O
1 0 0 0 O 0 0 1 0 0 §,-Citane, 0| |Fp,| |0
0 1 0 0 O 0 0 0 1 0 -C,-S,tana, 0| | F; 0
Y =X, 0 0 0 0 0 0 0 O —7p 0 |7 0

(5.31)
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K(SE3N)DOHN A AL LR E 7D,
P.=L h

X

FC,y :FW,y

L(y, —x, tanA)

= 5.32
Xy (S, tanA+C,)+r, 632

T
Fy,=-F (S, -C,tana,) - L
Fy, =Fy tanl

P =-F, +F.(C,+S,tanc,)

76 =Frg
MTOxFELE xr T 58, ik L HicFzEEINns.
Xy =-1,C, +Xx, (5.33)

HEGICER T 2 71 P ixR(5.32), (5333 HRXEHE5.

P = xL—T(rPC,l tanA+y,) (5.34)

Hlm N B 22 e 0 2 D S FRITIC B W CHERICIZEE AT N D X 1 &2 0T T D 2 L)
WL 720, Hilg & BEETICBIT 5 BHlmIAER 277 P I HEimO K 77 & U CHERANZ/E
AL TW2RIFUIR b0, RSO FITEH L T 258 130035 & ARG 2 E T
5. N(5340)B L OO (p>0) 06, HRIIEMT 5 PN EE 725 1T x>0
DBEDHZTHY, xr<0, xp=0 DFHRITIIRES L0 D, x>0 OLEITERICIEHNT S
71 P, SIS LA L TRY, BEZRVBX H7OOFMEM- LTS, LT,
KGN HEOND KPS HEDERE) L7 15 L0 b RER VY BEASE S 2 & THll
IBEEZROVBZ DN TE L. Lo T, HlmETHEOFEImNEEZL VB DN D5
EIE x>0 & 720, BeZe@mimic IR H L E 2 OB H VA T OALED x>0 & 725
S Zm- X O IS HmE T ARG D NER H 5.

X 5.4 (2 MEICR9 RS IR 49mm, /EEMIEE 48mm DOFEE & AW T-#ERTH
v, H=0.5mm OEZETIRVHBZON TS, HEgAZRIKR L U7 MRS EBRGER & 0%
FRE <, THULFEBRICHER U7 g 238 Smp 2 DR ST\ 7291, EBRTIZZ O
W OFEEIC L > TEREZRVBEZTWND EBXOND. Lo T, MNTHER 2 S5 R
WA DI TR ORI 2 8 LIS BB L 7 5.
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© (d)

Fig.5.1 Step climbing process of the wheel drive mechanism
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Body unit

lanetary gear

Center axis of piping

W %
/

N Sun gear
\ N\
\\
FG,y \
7. ‘\
Foo )
F,, |

7, :Torque of sun gear

7, :Moment of body

@, :Angular velocity of sun gear
w,,-Angular velocity of wheel

W
A :Wheel revolution angle

Fig.5.2 Dynamic analysis model of the wheel drive mechanism with rigid wheel

when climbing step
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H=0.10mm, rW:4.7mm, uP:3 |
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=
© 2
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130 70
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3 1204 -4 68 o
K> ] 2h
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2100+ 164 S
3 i X ] e
2 0p- o 162 g
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80 T T T T T T T 60
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Time s

(b) H=0.14mm

Fig.5.3 Simulation results for wheel drive mechanism with rigid wheel when

climbing step
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—A— up=3
—O0— u=1.5
O ner
g 71 A Pe B Experiment
/ P r,=4.7Tmm, u =3
& A A !
) %/3 /O/O
Q 6 - ’
= o
3 £
£
EEEE S
JAN ]
4 T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6

Step height H mm

Fig.5.4 Relation between step height and radius of wheel in case of rigid wheel
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Moment on point O Nm Moment on point O Nm

Moment on point O Nm

—_
o

H=0.10mm, rW=4.7mm, uP=3
0.0
-1.04
-2.0 T T "
0.00 0.01 0.02 0.03
Time s
(a) H=0.lmm
1.0
H=0.13mm, rW:4.7mm, uP:3
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-3.0 T T .
0.00 0.01 0.02 0.03
Time s
(b) H=0.13mm
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2.0
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2.0 —\;
-4.0 T T T T T
0.000 0.001 0.002 0.003 0.004
Time s

(c) H=0.14mm
Fig.5.5 Moment acting a wheel on point O
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5.3 HmOEMEMESZE LGS OMEM

il ORI 2 B8 LT G DT E 7 VA2 [X 5.6 1277, g XA TN HAE R,
RS 2N B BB A 7 DAL S A, BEMEEAA DB ETE TE D b DL LT, 52 8L [H
UFIETHRNT 24T 5 . Bl O PR T X HiR S B A= L 2l 2 O Dy & B BE & B4~ %
RS O E L, TRENHEEREL A, N, A, T 5. KK, KEG#EE, vV
7 OEBREAT 52/ LR U TEZ b, HWIEER 2B E L€ 7 /1 T o Hiio#
AR L D,

my X, =F, +F.S,+P, (5.35)
My Py =Fy, —F,C, +P, +0, (5.36)
1,6, ==F,r, + y,, P, — x,, P, (5.37)

=L, ROWERT 2P, P, RSIHERATLQIFRAD XS ICERT .

P =-K Ax—2¢ Jm, K Ax (5.38)
P =-K Ay-2¢\/m, K Ay (5.39)
0, =-K,Ay, :L[‘[an/1+(Si tan/1+Cﬁ)rW/rP] (5.40)

72720, K, & VR EER R O XA, B, O, 13 HHR O EEE~ DI T ) TH(3.18)
P U7, BRI O (X RmIME K1, B M = A 6RC, A B lmm
T ERENWZ b plESHE Lz,

HHIER 5.7 18T L O IS BB MG M ORFICEES (rp—r) ORIETM R — (b S
NIzARk & L, SRR ORI K, K, 2RO 72, Ko lXHVEEH OIERE 71 01X
AIPET, ZOMIFERL RO X 5.8 [HMEFERES o EHE /7 17 O 1T RRIE D SEBGRR 2R
T A RIT 5.8 1R T X O ISR O Bl & SEARIZ L D H 0T, HERROMEA Y &
371N & U REE T B OO 7 ) Ak TR I HE A L T T & s BRI TIRE TR BN K
EFVEIPHCORREE AV, $EEOEMT MO ERIAIET Kg=3 X 10N/m & 45. K, , K 1%
B 2 EAWTT 2 KO ICAMER L, Ho, BREDRA=c DEA L Ay>e DA TIE
EREAWER R D b0 & Uiz, 2, @ RAREATEE O BT IR OB A2 21T
TERYER LI WEEIL2 2 b O L E LTz, BRI ol 5.2 fi & FERICER L,
BEPEZETE A B 8 L 72 Bl O EE I3k L v B h 5.

X, =-r, (dsina+d’ cosa)+ Ax (5.41)

P, =1, (dcosa—a’ sina)+ Ay (5.42)

EEIRONNERE, s 2 Bl O A NREE, EE a, AX, Ay TEHY 5 & RAN
Brons.
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X, =B, 0+ B,Ax+ B,

Yy =B+ BsAV+ B

A =B, +B,,Aj+B,,
%, = Byd+B,Ai+ B, Aj+ B,

Vo =Buad+B,AV+ B,

éG =B,a+BgAy+ B,
X = Bg,a + B,Ax + B Ay + By,

Ve = Bs;& + By, Ay + Bgs

(5.43)

72721, R(5.43)DDEAREL By 138k B IZFed 2. WA A2 B LIt 7 L To
IR OER H RIS RAT D L, AINEEE, MHEEQ, AX, Ay BLON
R LT HHEN HRERIFIRAE 2D,

—m3B41

0

0
mBs,
me B
I.B,,
mgB,
mgB,,
I4By;
my, By,

my, By,

&

y

Sk Lk

b:q (:q {:fj th C:r‘l

)
] -
<

Ny < =

0 m.B, O
0 I.B, O

mgB, myB, 1
0 0 0
0 0 -b

meB, m.Bs 0

mgB, mgB,
0 meB,;, 0
0 I.B, O
my, B, 0 0
0 m,B; 0
0 0 0
—-myB, —L
0
2
—mcBs,
—m¢ B
_[ch3
—mgB,,
—mg B,
—I.B, +7,
P —my B,
P, —my,B,+0Q,
Pyy—Px,

0
1

—da

S O O O

S O O O

—

1
0
—b
-1
0
1S,

S O o o O

-1
—a
0
-1
~1,C,

S O O o O

S O O O O O O o o o ~= O

S O O O O O o o o = O O

S O O Ly © —m O O O

c o |
—

-_ o O O O

S O o o O

0
§,-C,tana,
-C,-§,tana,

e
-§5,+C, tane,
C,+§,tane,

p

(5.44)

BRE) VY o ld S2 B R CE—XHERTEHET2b 0L L, B, =%, 22 b
0—7 CEDDLHRKN M TE—XZ MV7 g NEAFIT 5 H D L LTz, Bl O MM 4%
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¥, K,=K~6X10'N/m, Ky=3X10°N/m, ¢ =8, £=0.45mm & L Cathz Liz. HlHoOHIE
ST BN Bl D FME A OTEIR A B 2 720 K 912 y> e DA DITRAMEIZA = DA
D 4fEDOMEE Lz, X592 V=10mm/s, L=5N, H=0.5mm D& OFENTHE R % 759, [X] 5.9(a)
FHEEER A o, v VT AEADRRIZA L, 5900 FE—F DR Ewy, T—F MV
o DML TH D, Fv U 7THEAXIIT - CE THRE LZ 0% L, #HigomisfhE
a N90° LR VEEEAREVIEIZ CWD. T — X E o TR T L, TO%GRLIC
ERT D =% MY g 1THEME D OHRAICEF LRV B X T B TE -7 HE R
4. ¥ 5.10 1T V=7.6mm/s, L=IN, H=0.75mm DA OfFNTHEEZ2 RS, BEEARVBEZ T
D <ABFETE—H MV oy DIKIEIZEL, ZO%RE—Z OREENPEIE LBEZEDRE Bz
IXTE TV, Be 2DV 2 23 FTRE 72856 CII KRBt o & il 2t 50D 7> A 8o\ s D
Mxr>0 Lo TnD. Ziud, HigZMIEE LR R URETH Y xp>0 05N
e 2 L CEZEOBmBS R L D,

SAVICHEROWMEEEZZE LG EORY B GNHBEEDR S H & Hlg R ry D
BfRZRT. BIEET IV up=3 TORKEZEIL H=0.71mm TH Y, 52 Hit OFERIZHRT
RELEEINTWD., Lo T, HlgOHIEER A B Sl RETHENRRENEEZLD
5. up=1.5 OYG % 52 fiL A UHlmfee rp=6.2mm DM THIET 5 &R KRBT
H=0.96mm & 72 5.
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Y Body unit

Center axis of piping

B

\ ~
N\ Sun gear

7, :Torque of sun gear

7, :Moment of body

@ :Angular velocity of sun gear
o, Angular velocity of wheel

A :Wheel revolution angle

Fig.5.6 Dynamic analysis models of the wheel drive mechanism with elastic wheel
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Metallic material Elasticity material
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Fig.5.7 Structure of elastic wheel
%
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Fig.5.8 Characteristic of elastic wheels
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(b) Angular velocity and motor torque

Fig.5.9 Dynamic simulation for wheel drive mechanism with elastic wheel (H=0.5mm)
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(b) Angular velocity and motor torque

Fig.5.10 Dynamic simulation for wheel drive mechanism with elastic wheel (H=0.75mm)
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Fig.5.11 Relation between step height and radius of wheel in case of elastic wheel

-74 -



54 BREEBIZKDETEER

AT DT 7 VAL T HEYE L CTEITEREZITV, BE@iERE O — & OME &k
N7 FBRIE LTz, K512 [ EBREEE O /ML, X513 12 FEZBREE 20797, X 5.13(a) XA 49mm
& 48mm DA F A& AV, V=10mm/s, L=5N, H=0.5mm DFET, ()2NE 49mm D ELT
IRF, (i1)73 B 23 B 22 C Bl U CHLlig I Z IO 2 A AR 2 IZKR & < 72 o TWDIREE, (i) 23 B
FEEFOVHZ CODIREE, ((v)2SBZEEEAICTE D B TR 48mm OENZ E(T LIRD 7=
WA RT. T—FOHEL MLy OFERFESR (X 5.13(2) 1TMEHTRER (X 5.9(b) DFEH
EALDOWH L IFIE R T Z 7R LTV 5. BRI 0 — & 3 O R EF L OEEER Y
BZAIZE L7z bv7 () 5.13()D>0) & (i) D7) O KRMEITFHEE RS IFE-HLTWD.
T, ()DOBEICHEML THOAv)DOBEEL Y B x 5 KR ORFMDRITE R & 22034 T
TWADN, ZHUIBZEIZHT 5 4 DO BRSO T 0RO TN TEZAELZ TV X TV
LD ThDHEEZLND. o, BRICEVEXTLRICE—FHEITRMIIE 2oTH
DM Z AV ZEEIE TX v U 7 AEHR L, 22U KB HE 0D [R5 B 23 BN S AL 7= 43 8
E—HHETNRENTZ720TH 5.

4 5.13(b)IENEE 49.5mm & 48mm D /XA & Y, V=7.6mm/s, L=IN, H=0.75mm D55
THY, (VPN 49.5mm OEITRE, (vi)H Hfi A Be 22 2Bk U C#ilig 2 0o 2 A f A3 R %
ICRKEL 2> TWDHIRKE, (Vi)W T—H M7 BECKIEIZE LTIRRE, (viii) ST — & M5 Ik
L7oRBEZ RT. ZOHE S EREE (K 5.13(b) I3HRER (K 5.10(0b) O EFELT
Bz Rl TS, K511 ISR T@HNTEY AN T, XANIRV BN Txk
Mol HETH Y, WTNOERRERITMHFER L IZE—HL TR, HimOHEEEE S
JE L 72 AT D4 D R T & T

BEER D Z T T —H b7, X(5.44)DFHERE RICEE EITIRFO ML & INE
L7=boThY, HEETHOET—Z M IZIIESETEON TR ESGICRETE .
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Fig.5.12 Experimental apparatus for step climbing
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Fig.5.13 Time histories of experimental motor speed and torque
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55 EBERBZEELI-OKRY MEBOREHES

T E TORFHERN G, B 4 B 8 U 7272 o sV 2B e Bm 1 TH A 2 Fl iz
EABEI R Yy N ORGHERNIROED &2 5.

X EtiE#

i B THENE 2 AT 2 KR i E & R g B OD 2 r o U OOV (8 S B & B 2SS HEfiR
HALE L VICHITT & 72 2 PRS2l 9 2 & TERELZRVBX bND DT, 20540
Al L O WK, bE R, HERRR A RkET T 5.

(1) b

FERIMERRE L RAUTF v VT AEAN/ NS 2D, KIGHEE L EEREO N H
ROMLEDNEIFICBEIT 5. v U 7SR 2 3R S T 5 0T, #2382l L 72
WIRDIZKREL T35, £, BEioi/  MWEBEBROX v U 7 AER R > b Of/MME
FOBHREL D EDITT .

(2) KI5 H B &l 5 E

HiETHEO T — 2 O Hili E TOWRBES|OMIITERFHFEORE & (FH) TRES
AU, WK XV NE & O [ERE T E0E S, [BIEE BV 23ISR T 5. KGR ELA
INELTHIZTEERHIIRELS TEX S, LoLans, HEFHAZKE S35 &, Hlldk
Bt ai &L THT 5. Ko C, KGHEELEREEOWEIX, zeo2p & L, HOKX X
EEBICONCRBERE, EREHEREE T LRVRYICKEHEELZ /NS T 5.

(3) w&xaEHl

A a O AT T U7 KB & R I B O up=3 & up=1.5 \Z OV TRENHE & K
| N HRET D, up=3 O TOWELEEEDOHENL zp=10, BFEFLEEIT rp=4.7mm, —77,
up=1.5 DM TIL zp=16, ry=62mm TH 5. BIEEIE I EZEOXGB24)E0ELN, Th
047wy, 0390y THDH. BRFEFINNIFHEIEOXB2)LVELN, ZHEN 2.1,
250y L 70D, KEGHH LR B OB up=1.5 OFEFHE, BEHEEIK T 523, £
AONDLEESIITIREL, RREGI DM ET L2 ERbhroT.
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52 o U BB I A TS 2 T 2/ h DB E o R v h OB EE TR O B TR
PEICEA L C, BERRARAT & EBRIRGE 21T o 7o, Bl E THAE O g & MR & L CTHl- 72 fi#fT ©
B & ERD B LR 22 DI, HigOBHMEE 2 EE L T 21T 72, 5 bhi-
FRMERITIUTOLEBY THD.

(1) HiROBZEDO MBI E DV ORELES) 2 &8 L 72 ff T T 7 S EAN e RO HUE
FRVENC &0 NEE) )BT 21T 0 Tk Zw A U CRIT 21TV, FEBRCTZ O34 2 MGk
L7-.

(2) Bl THAE 2 BT 2 KEG i & R B H D A\ O SR O LB A Bl & B 25 03B
fi 9~ DAL K 0 ICHTT & 72 D %P S M 2T L CREARVBA OGN L
TSN L.

(3) BRI 2B E L RO FIEZ WD 2 & CEREBB OB R 13 T
X, BREZRVEZONDIENBEI R AR v b OB Z ATREIC L7z,
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F6E HEETREBRASHATIFarI—420/M81
6.1 FL®HIZ

BlETARICIS Clem AR > b O BARI 723G HEE A2 fENL 9~ 5 7 O IC 5 3 B CIREE EATHE,
054 TCII A ETTRE, 5 WM CIXBEEEATREO N FRELZ I LN L TE 2. KETIT,
INARERNBEI R Y FEERTDEMANT 7 F am—2 ORI OWTHRETT S, 20
v Ry NOBEEIE, IEEICER, ) BEESRKRE W —REERAEH TERIE AT
LRI/ NURETa L R NI, VAT AOEEMRELZ W ESE 52 ERAREL D,
ZIT, 77V LVADCE—H LHHEHEELHAGDEC R LY S HEEEZRKE S SETA
B, @BV —ART IV Fax— 22 FEBTHOOFREZRET S, £ 62T, /b
Y —RT I Fax—HOEEREL, 63BN, MR ThHr o ERNLIc#E LT 7
LA DC &— % ORIk rE & 3K B E G0 R i fupditifis 2 Y L, thZ2nicon
CTHEHIEREH EREZ1T Y. LT, 64 B CRIFHOMFEZIE L, BFOT 7/ F a2z —
2 LG 5.

6.2 INEIH—RT7IF1I—2DRE

T IRE — B o RO A P L TR, b X BT, ANRMBIZIE LT
5. ZIT, KEiCIIrya—FEEE L7 7V L ADC b —RE—F & 3K BRI
S BLROE SR & (A L ML S =R T Fa =X B RET S, 7T L ADC
E—FIXT T2 EEEPRA DO T2 DA EAE NV E L S 7 2 2T K0 R RO
WMINTY o INRpiEEE o7z, FT, IR, MEEORFTABENRKE <20 o, &
D—ALNES & 7o 7c. 3K BUIA GG i a2 s L Th Y e b E
BOHLE NG B, INRUBIZE T HEETH 5.

X 6.1 \ZIRRE LIS —RT 7 Fax— 2O ERT. 3FHOT T L ADC E—H
D v — & il il i | 23 R B EOEA DO ATl T A KB a b a— X DR — L E
BEETCT 7 Fax—FOERICZIZN>TNWD. AT —XI— 7 Z3RHATIE5—F 77—
DO HEIE DZE0 2 A L & BEEEELE L, = OWNZE Tl 1 [alfis 3B S 7= HERCA 2»
Librn—FEEfiEE 5. mra—X X2 HEH IO MR F 12 W eER ey a—4
Thb. 77 L ADCE—ZOHIFEMICE —Z ONEREZITO DR —/LEFZ2 o —
Zlxa—ZOREOANR— 2T 3 EEE LT

6.3 INEFHATIVF1I—20DEE

631 3L LADCE—4

3T 7Y LADCE—ZDORE NI ERELSTDHITE, v—F0mEEZ< L, o
A NERBTHMRAERELS SESL LR, LML, MEERE LS TERWEASICIE, B
iR & R A &[RRI 09 2 IR EECH 5. £ 2 C, 3T — X DR Cilibl e fiti a2 ko
LI, W& aA NVEOMAEDOE LI E, ZOLZIIHAET LM IDRESE
RE L7, BN 6.2 [RTET VA HWCTAM 2 Wt —/L (MagNet) %
HAL7-.
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4 6.3 IZRUR Lo WREE A %, X 6.4 1T & 2 A4 VDM AG DR EFAENLVT D
BfrEznzhrd. A LB E a4 VEOMAEDEIX, )46 2oL, 2)649
aAJL, 3)S8ME6 AL, 4129 AL THDH. LT, 46 21 /L% BMH#A, 69
A L% BM#B, 816 21 /L% BM#HC, 1249 =11 /L% BM#D & FES. BRERFOMENE
BUIBeAM 2 2 A VBERE~ 7 % > §, 3 — 7 M A EiR, a4 m3z=nas e Lz, a
ANVHEHEITE T BOaA VORSEEE L. A VBNV RBITENE R HRE
BT OICHBMEITELS 705, BM#D 13X, BEKRZERIZHEAATIMENEW =0, BaA
DOIET DRER DT 2MA~OH ORI A BT LEY. 2K LT, K63IT/RL
72 BMHA I ZBEO N O RA LTEBRIE, aA V28 LI — 7 M a2l o RIKIC/R>TWD,

AERER NS, 34 ML 71X BM#D, BM#C, BM#B, BM#A DJEICKE <720, fKKIC
72 LM b A NEDMAB DRI BMHA TH 5. BMH#A X BM#D IZHT, 34 MLy
1485 TH Y, U M7 2 RAESETGHE OBEIITAI68%IMXBMTE 5 LHETE D.

FPC Scale Rotor Coil

/

[ 1 —

il 1/

¢13.5
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#13
|
|
|
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\

1

MR sensor Hall sensor
40

Fig.6.1 The cross-sectional view of the servoactuator with reduction gear
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Coil

Fig.6.2 Calculation model of brushless DC motor

Stator yoke

R
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Fig.6.3 The calculated magnetic-flux density (4 poles, 6 coils)
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Fig.6.4 The calculated motor torque
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6.3.2 3K BRI E o B GE

3K PR JE el B o RO 12 2.7 ISR L2 K 9T, A LD Kt a N IFEHH b
EDFHBN, T OWERE b TR AN R e 2 EE N ¢ 36 X OB H d & [F]RE
BBV, BEENEE d 2S5, @ 3 HoEEHEAFEHTL0T, 836
EO U SRERL S 40, BoE 1/60~1/1000 21525 Z ENTE 5. HEEWIIIF Y VT s
2L > TR E & M N Bk U TRk IS B S, 2> oRERSRF STV 5. Jidiss
VX RRE e B & 3l 2 e . & Dl Ek (a-b), E R B B & [ E PN EE & O PN Bk (b-c)ds L ONEEE
e HL & [RIER N R EE & D N B LG (b-d) D HRC BRI DS — BT D C & D 72 D IR g BNl
AEnTns.

P ORI v 3 X OBRERZh =R i, i HXT(a-b), PN Bkt (b-c)38 & O Bkt (b-d) D
HEWNREZNEN o i TDHE, WORTHEZLNDLW,

1-i,
u= (6.1)
1+,
S G/ 62)
(=iyn.1,)

11

Ne=1-pn| —xt— &, (S =a,c,d) (6.3)
Z, Zg

T 2T, ey Leg W XHEEE TEINEI =220 iei=2d2a TH Y, 24 Zpy Ze, zg VIKBHE a,
KGR E b, EENEE c B LOREHENEERE d ORI TH D, £7o, pldlmBERER, o
EHHVRKFIT, kA THEZLNS.

2 2
gO,a - gl,a + 82,(1 + 1 - gl,a - gz,a

2 2
&g =&t tl-g ¢ (6.4)

,C

) 2
g =CatEatl—6,-6,

ZIT, adadd, BFVNLHNVRLFEIRENLHVETHD.

3 ODOWHX DOEER Ry, 1. 0 DRVEQIIT HEL, KGO L UER Ry, 2t
&fmﬁﬁwﬁﬁﬁﬁm,m®ﬁﬁk%< NPl HLeE D B HERN SR DR e gy 3 RIZ 72 D &

INCFEFT D ETERVWHERBEOLND Z L1272 5. K(6.3)DF 2 THITth Hxt ORI FE R
ﬁ%mm;uﬂ#@%%ﬁl%,mmmw#wﬁﬁ%zmﬁmﬁ%m$ﬁ%f,:m%@
KT DOENKE L 702 LHRIENEML, EEDEBMETTHZ L1k 5.

ol T EE R AR AR, RO TN S ALTZ VR A D D> AX AR KR il O K 7 & % B ot
DNBHBHVERIZEDTZ LD THDH. TNETITRIELT, ERNZENZEI 2,~16, z,=28,
z2=T1, z~74, BOEEEDS u=1/134.13 OFHEEONZRIT 50%E TH Y, Z OFE R 5 EEGREK
1347025 FREE EHEE T 5. AME 13mm FREE TRUEEDY 1/100~1/300 D55E D4 b BLOHH
BB &R T (1zk 2 DFEFR A 2 6.1 1T, IR T O, BEEEER T ur O
BTV /NS RETHD Z EBDND. 0FBEHWRR LA H B O D b
WR IR E BB NRIC K o TR D B AL, HERRFHE O AR EGRIE 2 o RGBS C TN
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B OENAREL D ZZ DRI R Z WIS, IBFT Y A WE L IR E DB WVERDZEN K E
<ﬁofwé.—@ﬁ>ﬁ%9%®@%%ﬁd;ﬁéu X, EwYLHHVE) + (=R
EIMBHVE) =—FL LT, AFVDLPADHVER) = RBEDLLHVER) 95 LHK
TR/ BW . L oT, hHRHVWRR T g, (Fidal) 13, BEHVRe (-1ds)
ZhEL L, oada~l (Flidadorl) (752 & TRNERD, BRITLESIND
LT B,

Z 2 C, /N OO TIINE X OEF D hAdbWE L EIBE NAHVEEEL
ST B &I ICHEHEEHBSETHAbVREY LT DR ERED Z#A L.
PN B HSE D 203 8o VSR I B/ INR OD 3 80 N 3R % Bl £ (B k) (a-b) T 1.1 LA, B HExH(b-¢)
Eb-d)TI12L L) SHDLZEEFHRIZLT, DALWVMERABR LETE vy F A0 BEWILAD
W DB SEIIBRE L, By TR LI H WG O WS 2 X L7e. o e &
SHLEINETIEFEHETH -T2 W b OB FEMEIL, EENEE ¢ &R d 5 H#
yCHERERGEH L W REL L, EHENIE d & 0vAd HE T/hE< Lie. &6IT, HEkiks
TIEFR—HETH ST HNEH ¢, d DRI HOVWTHRBRICEENEH ¢ 2 K& <,
RN # d Z2/h s < LTe.

Table 6.1 Combination of gear pairs

u Number of teeth 1/zp+1/z, 1/zp—1/z, 1/zp—1/z4

z,=12,2,=23,

1/115 2=57.2~60 0.1268 0.0259 0.0268
z,=21,2p=41,

1/205 221052108 0.0720 0.0149 0.0151
z,=24,2,=53,

1/280 2=129.2~132 0.0605 0.0111 0.0113
2,~16,2,=28,

1/134.13 2=71.2~74 0.0982 0.0216 0.0222
z,=27,2p=50,

1/243.67 0.0570 0.0121 0.0122

z~=126,z,~129
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6.4, TOF1I—ZDRAMELHE TN

6.41 75T LRADCE—2DHEHE

773 LA DC E—H ORI X 5 RO ek & 2R T~ 7o SfE L 7o e— 21X
BM#A & BM#D Thb. WA IxZNENA LA (Nd-Fe-B) T, =4 /LT BM#A 23§}

%% 0.15mm, % — #5052, BM#D 234 0.15mm, ¥ — 2433 OZELaAf LV ThHDH. T—X
‘U‘/I’X DT B2 13mm, &S 20mm THD.

FO2 IZE R THEONIZE— X OFEER %, X 6.5 IZEEL12V)ZHIIN L IZKED € —#
HARD Mvr — st EiiXE 2 2R T. BM#A @O MLV 7 ES K 1E, BM#D &bk
AT 3 7mNm/A 7] E LT, K=7.9mNm/A 2353 HAv7c. @& by 7 380 C OB AR U R
FHEESN TS, LR G, K V7 CITEARTRFER 1< BM#D & TR 2
5D [=035A L7e->THY, WTEMITEML WD, ZHIEHROEMBRKTH Y,
BM#A DAT —X& I — 7 OFREBEI L=, 2T —% 3 — 7 OANRITEL S ETICHED
HEPAL ST L EOBAREORMEEZX 6.6 IR, AT —XIA—T7 DREEHE T5H
ECHAMEBEMRZRBESES 2N TE. WEELZHELS LZAME 12.6mm 7 F 2 L A DC
E—% (BM#ALl) OFHEIZIK 6.5 OFEMCTRT L D1, MAMBEIOMN & BHERE O8N
DWENERINTNWD., LoT, V—RT7 7 Faxz—Z|[ZIFEB L OWA & a1 rofl
EMAEEZB LT, 46 a4 VR THE 12.6mm D7 7 2 L A DC &—4 BM#AL %
L2zl 6.7 BM#AL IR T D28 a4 VoS 2 RT.

Table 6.2 Characteristics of the brushless DC motors

BM#A BM#D BM#A1
Diameter x Length [mm] 13x20 13x%20 12.6x20
Armature resistance [Q)] 3.26 3.75 3.26
Rated voltage [V] 12 12 12
Friction torque [mNm] 2.8 0.71 1.39
No-load current I [A] 0.35 0.17 0.31
No-load speed [rpm] 14,145 27,900 16,180
Stall torque [mMNm] 8.6 4.93 7.77
Stall current [A] 1.43 1.35 1.39
Torque constant K [mNm/A] 7.9 4.2 7.4

- 86 -



Current Speed
30000 —O— —e— BM#Al(thickness0.5mm) ]
.. —--A-- —-A-- BM#A(thickness0.7mm)
250004 --O-- ---B-- BM#D i
o,
c 20000 .. ) -m .
] . »
£ b— O .
< 150004 A O g A 7
o | TTA~_. — .
& B S =
10000 e T A-RTE T
50001__,. T
0 . T T
0 1 2 3
Torque mNm

1.50

1.25

o .

9 o

O S
Current A

o
W
S

0.25

0.00

Fig.6.5 Relations between torque and speed, and between torque and current of the

brushless DC motors
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Fig.6.6 Relations between yoke thickness and speed, and between yoke thickness and
current of the brushless DC motors

Fig.6.7 Photograph of the coil assembly (BM#AT1)
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6.4.2 3K BB EH0E 2 o B RLE D FE

3K BUAS SR G ALt RO O R BGE DN R AT D 1201, WERGT L ERRE D2
ALK U CIRGE 2N $ 70 2 2 FlEA O Jositd 2 501F U 7. Rk EH S O % GDA#1, GDA#2,
PEFRFRF D B D% GDB#1, GDB#2 & M5, GDA#1, GDB#1 [ XH 203 Z 4 2,=16, 2,=28,
z=71, z=74, WEELLDS u=1/134.13, GDA#2, GDB#2 (%% z,=27, z,=50, z=126, z~129,
PBOE L u=1/243.67 DIFEETH 5. 3£ 6.3, 6.4 (TSR OWHME GDA#1, GDA#2 (2 H
ENTWAHEOHHE T A2 /R T, (RO E#E GDB#1, GDB#2 O H.OE Y 2 — /)L,
A, BRAAREUE, SOERRET O HL & [F LRG0 T, 7 A& W31 GDB#1 H3¢,=1.35, £=1.52,
£~1.78, GDB#2 23g~=1.52, £=1.67, £~1.82 TH 5. UEHXFIOFEILTIL, WHEXF DD H
HVWRIT 12 LLET, DHHVRRTF g, aq THBEBE L HI2 052 L7220, 1ER&RRID
GDB#1 D&, ~0.975, &~1.01 3L GDB#2 D g ~1.10, &~1.15 & ik L TR FRE D
Iz > TN 5,

o T EEEAR B a AL S T L 2D, BERpe kG L WERGFHC L D EE EnE K
6.8 IT/RT. TERRFHIL A TRERGT CIIENUE SN, HEEEREDRREWIEEZ
DZAEFRE L 2D, WEEFELREDHEE O, Wi OIRKEESLREM S 78 & DR ETK
Lo Th, DIROIEFNRDRL TEDHLEWIREND D . /INUEHRE O i EEEA &
1=0.25 &3 2 LREERE O BHRIT 10%EE R E LT 60%EICkESND.

¥ 6.9 |ZFAME L7280k GDA#1 @ FZ g & ﬂﬁz;ﬁ“;&#k;mﬁé;ﬁ S GRS RPN i)

oY UGERR G O R o B E E N & A dd O 4y & IR EL & A d D Ay D
SN R DT DO B OB AL Be A E TR J@oﬂ\é.iﬁgﬁmiﬁax%i%@ﬂw v
(ZHhS2 CCFF S 4L, BEENH BLIE 7 — A CEE S 4L, BN E X D & — R b S4uTun
. PEEEARIIO T AME 13.5mm, B 143mm T, H&EIL 14g THDH. ELEWEHEIX
BT EIIRDT T > 7 BR 7 CHYID T L CRYE L= b KEGIELIE AR 7 K 2810,
N EL ([EE, BEsNEEE) [ INEEREE R CEcae b o7 e —F&2/ED, 7 e —F L cid
ELT. BEMEHIREE AN LI AT U L AHITH 5.
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Table 6.3 Gear dimensions (GDA#1)

a b c d
Module m (mm) m=0.14
Number of teeth  z; (i=a,b,c,d) 16 28 71 74
Profile-shift coefficient 0.408 0.32 1.682 0
Addendum circle diameter (mm) 2.505 3(3);2 10.261 10.069
Face width (mm) 1.5 3.8 1.8 1.8
Center distance (mm) A(ab) = A(bc) = A(bd) =3.172
Contact ratio & (i=a,b,d) &=136,8=12,=12
g;in (iitt;frerer(lrcr:lf;i))f addendum circle 011 -i-(())?} ;)27 40.187 20,005
Table 6.4 Gear dimensions (GDA#2)
a b c d
Module m (mm) m=0.08
Number of teeth  z; (i=a,b,c,d) 27 50 126 129
Profile-shift coefficient 0.391 0.32 1.613 0
Addendum circle diameter (mm) 2.298 3(2)‘6‘2 10.277 10.147
Face width (mm) 1.5 3.8 1.8 1.8
Center distance (mm) A(ab) = A(bc) = A(bd) =3.134
Contact ratio & (i=a,b,d) &=139,6=12,=12
(];il;in (ii?re?rcnemo)f addendum circle 0.078 -_F(())i);lg 10.119 0.011
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Fig.6.8 The theoretical efficiency of reduction gears
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Planetary gear

Improved design Conventional design

Fig.6.9 Photograph of the reduction gears

Fig.6.10 Photograph of the servoactuators with reduction gears
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6.43 TUF1I—32DHEAEH

RMELET 7 Fax—2%, 752 L ZDCE—F BM#AL (210 GDA#1, GDA#2 %,
BM#A T GDB#1, GDB#2 2% L7- % @ 4 fi (Type#Al, Type#A2, Type#Bl, Type#B2 & I
) Thnh., T7Fax—H Type#Al & Type#Bl DOi%iElF b/L7 1 0.25Nm, Type#A2 &
Type#B2 OF%FF MV 71X 045Nm Th 5. K7 7 Fax—F L I A X LHREIIFA U TH
v, 5ME 13.5mm, & & 40mm, H & 32g THH.[X6.10 (127 7 F = =—# Type#Al & Type#Bl1
DOHMEL (FRID Type#Al) ZR-d. ZNENOT 7 F o= —XIZEMKEL 12V 2L
WD H A EEE 2 JE L2 MBI e AT VU VAT L—3CTAME 5 2 2RO v 7§l

EAEE AW, WO E CW HFAICERE L CER L, MM My s 2kEE hv s
FCAT vy RICFEH T LA S, ZOREOEAFHH L.

6L ICHET 7 Fax—2ORHEY T 7 %37 WTivh 3K BTG 2 o sodiigic
AR E oM E L BER L. 77 Faz—F O MLz icxd B iR L O
BIOBRIIMIEERICH D, ENBIMEEA 2Ry hOT 7 Fax—H L LTI E LWV
WEHAZ TS EEIN TSy a—F X2 M CTHOfRaelE 1 M5 220 SV A TH Y,
RKO6SIIAT /Fax—FOHIFEEE LD b DERT.

T 7 F 2 —H Type#Al & Type#B1 35 X O Type#A2 & Type#B2 O H /)R % A g &
FREE ML BEOBFL T T 5. MAMRET Type#Al, Type#A2 & bICEFRITKE ST
W5, GG RV 7 IREE Type#tAl OEFRITARTH S AL TV 525, Type#A2 1T Type#B2 & IZIZ[A]
LTHD. Type#A2 OF%dt L7 BEDEFIL Type#Al LD L@V, T/ Fax—4D
EEHEIRN I REREBMIT A VBEEND 08ALLTE L, T/ Faz—XOEMAKK MV
JIXEI 0.8A LT CHRAETE LA MVY L35, Type#Al, Type#A2 T2 oIk
K V7% 025mNm, 038Nm &720, ZAHDOfRREZM 6.12 IZFE 5@ TR . Type#A2
ORIV SRR I NE TOY—RT 7 Faxz—4% (R [ THE<, K612 kD
U hV7 &34 T DUERN & I TRFEIIN 30% 2 R L T\ 5.

Table 6.5 Characteristics of the servoactuators

Type #A1 #A2 #B1 #B2
Diameter x Length [mm] 13.5%40 13.5%40
Rated voltage [V] 12 12
Output torque 75 (Nm) 0.25 0.45 0.25 0.45
Output speed (rpm) 80 23 62 25
Current / (A) 0.68 0.98 0.78 0.95
Encoder output phase (phase) AB AB
Encoder resolution (ppr) 220 220
Reduction ratio u 1/134.13 | 1/243.67 | 1/134.13 1/243.67
Reduction efficiency 77 (%) 64 49 54 43
Mass (g) 32 32
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Fig.6.11 Relations between torque and speed, and between torque and current of the
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Fig.6.12 Relation between Volume and torque of the micro servoactuators
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Fig.6.13 Relation between torque and efficiency of the reduction gear
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Fig. 7.1 Configuration of control system for 2-inch pipes
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Fig. 7.2 Configuration of test pipe for 2-inch pipes
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Fig. 7.4 Motor torque in the case of vertical pattern
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Fig. 7.5 Cross-sectional view of in-pipe mobile robot for small pipes
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Fig.7.6 Configuration of control system for small pipes
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Fig.7.7 Cross-sectional view of the wheel drive mechanism for small pipes

Fig.7.8 Photograph of the micromotor (¢ 5 mm)
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Fig.7.9 Photograph of the micro reduction gear (¢ 5 mm)

Fig.7.10 Photograph of the microactuator and micromotor
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(b) Relation between torque and efficiency of the micro reduction gear

Fig.7.11 Characteristics of the microactuator (¢ 5 mm)
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Fig. 7.12  Structure of the flexible microactuator
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(a) Photograph of outline

(b) Locomotion moving of pipes

Fig. 7.13  Photograph of in-pipe mobile robot for small pipes
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Micro hand

Fig. 7.14 Configuration of in-pipe mobile robot for 1-inch pipes
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Fig. 7.15 Configuration of control system for 1-inch pipes

- 115 -



7.5.2 E%Et - HE

() EHEITHIE

14 FEHOBA - BYEN AR > b OB ETEEILX 7.7 (IR THEREFRICT, &
REDOHERELELDTHD. 1 A FEHOHEEITHIED 7+ — 2 & K5k
Hibh, K E & ER R R OB ML, TNEI u=1/30, us=3 THYH, 77 LA DCE
— & OEHRIE 1/1620 ([ZHGE S CHERI/REI LS. XMk E L, 12 1.7mm T
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[ 7.17 12 CCD v A 7 a1 A7 QWK Z -3, 1 AT~y REIZ/NNUR LT 57291
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Ne~A 70 AZICHNL L, Ny —VDOREITHAT A~y RIIRBRE D /NN
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ZEFRIEO Ry 7 — U EFEBLT H Z LN TES. TOG FEDOHERGHRANIE, CCD OFEFE Y
v F L LR B AN D HMOZEME Ly & DTV IR LEREZRET D2 DIET 1L
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SEIZITHOE—F THY, A L BOBEEDEFICE > THAORRNRES. A ZEET
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DU AEEZ /NS THIFEWELERELSTHZENTEL. RIELZbIFv I L) v
L —HDOWEEE 1 E L, zzp=35, zpr=36 DWHE (£ =2—/L0.1mm) & L7=. ZODOih
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X, R, &ML BRI E LTS,

Bl 721 ICRE LT E Y TNV — X DT E, X722 7Y =R b—&% OHEE
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723 \ZZEET TV — X OEJHIEEER, £ 13 ENEOMES —7r v Az md . I
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— & 1MET SOV LTV FAT, METHENERIT2 & Lo, EROFER, =X
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- 118 -



Table 7.1

Micro camera and lens specifications

Size ¢ 7.0X12 mm
Mass 12¢g
CCD 1/4 inch,410,000 pixels
Video output NTSC system
: More than 470 lines(H),
Resolution :
More than 350 lines(V)
Standard intensity 400 Ix (F2.5,3000K)
f3.4mm
Lens F5.6
Picture angle 56.4° (H),41.5° (V)
Power DC 12V,5W
Table 7.2 Microhand drive pattern
Valvel | Valve2 | Valve3 | Valve4 | Valve5 | Valve6
Normal OFF OFF OFF OFF OFF OFF
Up ON OFF OFF ON OFF OFF
Down OFF ON ON OFF ON ON
Open OFF ON OFF OFF ON OFF
Grasp OFF OFF ON OFF OFF ON
Pick-up Normal — Open — Down — Grasp — Up
Place Up — Grasp — Open — Normal
Table 7.3 Pneumatic wobble motor drive pattern
valve 1 valve 2 valve 3 valve 4 valve 5 valve 6
step 1 ON ON OFF OFF OFF OFF
step 2 OFF ON ON OFF OFF OFF
step 3 OFF OFF ON ON OFF OFF
step 4 OFF OFF OFF ON ON OFF
step 5 OFF OFF OFF OFF ON ON
step 6 ON OFF OFF OFF OFF ON
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Fig.7.16 Photograph of the CCD microcamera head

12
1.6
CCD chip
N g Chip components
e Heat press
oL \ —— [ ][ ]
/ ]
Lens TOG package TAB / I@j
Optical filter FPC board

Fine cable

Fig.7.17 Cross-sectional view of CCD microcamera
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Pnumatic rubber
actuator

Fig. 7.18 Configuration of FMA microhand

Q00
000

Fig. 7.19 Driving principle of wobble motors
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Wobble generatorx Tubes

E= — _L
[ I - 1 ﬂ-T
| | k24
O] n@u
o} H=e:
= - Valves
y Air —=— — -
Rotor P ]
Wobble ring —/ 6

Chamber

Fig. 7.20 Cross-sectional view of pneumatic wobble motor

Fig.7.21 Parts of the pneumatic wobble motor
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Fig.7.22 Photograph of the wobble generator

Electromagnetic valve

) Chamber

Compressor I

> |

Wobble generator

5
<
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w

Fig. 7.23  Control system of pneumatic wobble motor
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(X7 CNEMER ATREZR FMA &2 W3R 21T 2 13 e AN v S 2kt L ClRlg 2 & 23 ATRE
L.

PLEORERIE, 7.5.1 TR 723G IR 2 X Clii7= L T 5.
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Vertical pipe
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Fig.7.25 Locomotion through a vertical elbow-joint
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a) Rotation of wobble motor: 0 degree (b) 30 degree

Fig. 7.26 TV image from microcamera mounted on robot for 1-inch pipes

Fig.7.27 Collection of the small object in 1-inch pipes
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BRIZTFERB L2009 LR (a—rBLNe L Y) BEET LD LT
%.
(2) FERBRETIE, MR L UL 30~50uSv/h, 1EE 0 ~40°C, {BSE 80%RH &9 5.
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ARy NEEBRA T B R L, BORREE YA A AEE S5, Hifa ks Ry
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Connection box Small radioactivity sensor In-pipe mobile robot CCD camera

Cable winding module

@) Data processing unit

TOT— P £
r Radiation TV
L] counter Monitor

Robot controller

Control
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Compressor

Fig. 7.28 Configuration of radioactivity measuring robot system
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Fig. 7.29 Configuration of radioactivity measuring robot control system

- 130 -
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Table 7.4 Camera and lens specifications of in-pipe mobile robot for 3-inch pipes

Size ¢ 7.0X47 mm

Mass 4g

CCD 1/4 inch,410,000 pixels
Video output NTSC system

More than 470 lines(H),

Resolution

More than 350 lines(V)
Standard intensity 400 Ix (F2.5,3000K)

F4.0mm
Lens F2.5

Picture angle 39° (H),51° (V)
Power DC 12V,5W

Table 7.5 Specifications of in-pipe mobile robot for 3-inch pipes

Diameter 71 mm

Size Length 270 mm

Mass 500 g

DC motor with planetary gear-head
Motor size Diameter 18 mm
Length 41 mm

FMA
Coupling Diameter 24 mm
Length 130 mm

CCD color camera (IK-SM45H)

Camera Lens JK-L04S( £=2.5mm,F=2.5)

Distance measurement Magnetic encoder
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(a) Front view of in-pipe mobile robot for 3-inch pipes

CCD camera

(b) Side view of in-pipe mobile robot

Fig. 7.30 Cross-sectional view of in-pipe mobile robot for 3-inch pipes
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Fig.7.31 Photograph of in-pipe mobile robot for 3-inch pipes

!
\

pg=16,114 p,
/ Elbow-joint
I — — — I
Pz=16 m T-joint
A
]:/ \:[

Fig.7.32 Configuration of elbow-joint and T-joint for 3-inch pipes
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(b) pipe pattern #B

Fig.7.33 Configuration of test piping for 3-inch pipes
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Fig.7.34 Locomotion through a slope pipe

Fig.7.35 Locomotion through a elbow-joint
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Fig.7.36  Locomotion through a T-joint
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Fig.7.37 Measurement of residual radioactivity
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Fig.7.38 Photograph of radiation source
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Interval beta+gamma & gamma Measure
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Fig.7.39 Experimental result of radioactivity level
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Table 7.6 Characteristics of the in-pipe mobile working robots

Smaller than
1-inch

1-inch

2-inch

3-inch

Applicable piping
(Inside diameter)

20 mm

24 mm

48 mm

78.1 mm

Diameter 19 mm

Diameter 23 mm

Diameter 45 mm

Diameter 71 mm

Robot size Length 80 mm Length 110 mm Length 145 mm Length 270
Motor size Diameter 5 mm Diameter 5 mm Diameter 14 mm | Diameter 18 mm
Length 12 mm Length 12 mm Length 46 mm Length 41 mm
Wheel diameter 3.3 mm 4.6 mm 9.4 mm 13.2 mm
Running speed 4.2 mm/s 6 mm/s 11 mm/s 24 mm/s
1.8N IN 20N 35N

Traction force

Double drive

Double drive

Single drive

Double drive

Piping form

Vertical pipe
Elbow-joint
(Radius 60mm)

Vertical pipe
Elbow-joint
(Radius 120mm)

Vertical pipe
Elbow-joint
(Radius 181mm)
Steps piping
(Steps 0.5mm)

Vertical pipe
Elbow-joint
(Radius 76mm)
T-joint

(Radius 76mm)
Steps piping
(Steps 4mm)

Inspection function

None

CCD camera
Hand
Rotation
mechanism

(CCD camera)

CCD camera
Radioactivity
sensor
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FC,x :FW,x
Fbwzszy

F, . =FT(S4 -C, tanag)

F,, =-F(C,+S, tana,)

Y

Fy,=F;, +Fy,

Tyt
— _ WG
T, =Fr, = L

I'p

T, =75+ b(FG,x +F, )+ a(FG,y + FW’y)
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{18 B ERENE—5 DHIEFE

HOE, FAE, BFLEEBIONIIHOETHBRICHW-ENEEI o R > s OFRENT—#
OfIEI7 v v 7 &2 AL IZRT . =X HIENIALE & SHEO BIEEZ v 7 faa~7 14—
K7 U — RSE5HEHET, FPFORHEINT A —2LTa vy 7O A AT FE L.

oy, Oy, Oyp, Oup: T—FOWE, (LEBIOENS OB EE
T;: W — T8 B

Ker BN — T T 4 — K5y 7 7o v
K WEN—T BT 4 = T4 T =R A~
Kpp : P N—T A
Kp - NCfE FAEE Y 4 — R7 4 U — K7 A
Ky NEEHEM T 4 — RNy 7 F A
©mp Ky
K Kpy
9 + K + Jyt + 1 + T K +t M QM
MD 2 PP .9_ T s ” PV otor
I
¢ s
Dy

Fig. A1 Motor control block diagram
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18 C HEHOEEAOHMSITAHARVOTAT—CORIERE

H3EIAZIHOFENBEI R AN > b OHIROERE~OMI T I OFHNLIOT 20— % H
WTITH TS —fRICOT BT — V2 WO T A7 — ) & O BIR 2 4%
ETAHAUNERDD. FTOWRIEFEEZHATS.

FHINC WO BT —DIREAZ 28 % A T Db D TH 3 ED 3.14 | RSB ICHES
SINTWD., OFTHT =YV OKIEIFFER L R UM ESEFETITO ZEDNEE LW, 4 848EH
FE CTORIEERIIRKE SOFIRENSRETH Y, 1 SEPRE CRIEERZITWVE ORE R
Z W CTHEROEBE~DOMHT 12K D 5.

AN, A IREFRIEMANTC 1 fERWEIMEHT 256 L 4 iERWMEMEHT 25560
OFTHT—=URRLI TN D 4 JTOIS N ZRE Uiz, 6 OF REFRIEMAT I 7= #7287
EFFNNEM A2 ITRT. F LT, BEOMELE T 7 VL& LEORERMAREIE 3.14 X 10° Pa,
AT YU HI3023 & LT, A LSRR, O3 A7 —2 SGlICHE Py #EH &7 1 A4
FRf E OO SG1 & SG3 DJi J1 OFFNT Kk L T SG1~SG4 |2 8 Py Z EH S ¥ 72 4 pidk
P EOEA D SG1 & SG3 DS DORFNX 1715 & 72> 72. SG1 & SG3 ™ 2 JSICE i &
EER & E -G8 0BT 2 Th o 7o, 4 REFMEOLEDIGIX 1 REFRMEOLE
DHHIZ 2 TiE o7z,

W, 1 RETPWEOLEEOHEE OT A=V & ORIEREERD D, i) & fiE
ORI D, K314 IR LTEZENENDOM T ect, e TR LS.

ec, =K F, (A1)

ec, =2K P, x0.85 (A2)

712l KlZOT AT = OMNEILE EMEORIEFRE THS. KeldX A2 12777 SG1 D
NMEICHEZ 2, EBREIVRDZ. FERO—FE LT A3 ICEE N (ID) 48.5mm &
50mm OO AT — T O E & HEEOBRZ T, FR XV RO A EE ORIERTUE
IR LD, 4 SEPHEOEAD SGL & SG3 IZ/EMAT A EORITINA2) LV FHET
&, H3ASITRTOTAT =YD e, e GEBEAEHT DM EOBMATFLND.

Bl NS 48.5mm : K-=0.163 V/N

BLAENEE 46mm : K= 0.166 V/N
B NEE 50mm : Ke=0.069 V/N
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Fig. A2 Stress analysis model of piping
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Fig. A3 Calibration factor of the strain gauges
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T8 D E#HZMIKE LE-RERBRODFEITICAVESEY

5.2 S Hiig 2 MR & U7z B 2@l e O 7 AT IS W T2 (5.24) D BAREL Ay ~Ayo 1TEL
T& L.

1, cosa 1, o : . .
A4, =-" , 1 =—-——(=AS, cosa +aC,sina),
[ C, I C,

A, =-r,sina, A, =-r,a’cosa, As=r,cosa,
A, =-r,a’sina, A, =-1S,, A, =-11C,,

A, =IC,, A, =-IFS,, A, =A4,+4,4,,

Ay, = Ay A, + A, +A4,,, A=A+ A4,

Ay =Ap A, + A+ A4y, Ay =[A+up)A4, —1/u,,
Ay =(+up)d, fup, Ay =(A4,+4,)/2,

A = (A, +4,)/2, Ay =(A45+4,)/2,

A40 = (A16 + A34 )/2

- 154 -



T8 E BHWmZzEMEARE LEREBBRONDFETICAVEIFHY

5.3 i oD HLi O FAPELTE 2 B 8 L T2 Be AR mis iy o 77 AT IS W T2 (5.43) D AR I By~
Bss MZJ;LT L.

B, =-r,sina, B,=B,=1, B,=-1,d"cosa,
B,=r,cosa, B,=-r,a’sina, B, =-B,/IC,,
B, =—B;/IC,, By =—(BC,+p,A5,)/IC,’
B, =-1IS,, B,=-1AC,, B,=IC,,

B, =-1’S,, B, =B, +B,B,, B, =B,B,,
B, =B,+B,B,,+B,, B, =B,+B,B,

B, =B, +B,B,, B, =B,+B,B, +B,,,

B, =[(1+up)B, —1]/u,, Byg=0+u,)By,/u,,
B, =(+u,)By/u,, By, =(B,+B,)/2,

B, =B,/2, By, =(B;+B;)/2,

B, =(B,+B,)/2, By, =(B;+B,;)/2,

Bss = (Ble +B46)/2
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